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ABSTRACT 
The orientation of the resultant force during a given contraction depends on the architecture 
of the muscles involved, and cooperation among muscles may induce force fluctuations in 
multiple directions. A novel setup for recording three-dimensional forces was developed to 
assess the effects of muscle fatigue on submaximal contractions. Fifteen subjects performed 
isometric dorsiflexions, elbow flexions, knee extensions, plantarflexions, and trunk 
extensions (12 s, 2.5% - 80% of maximal voluntary force) before and after a fatigue protocol. 
Electromyography (EMG) was recorded from relevant muscles. The standard deviation of 
force in the three directions and the agonist EMG amplitude increased with target force (P < 
0.045), while the coefficient of variation of force and total excursions of the centre of 
pressure showed maximal values at low target forces, reaching a plateau at moderate forces. 
Fatigue induced higher force fluctuations in task-related and tangential directions and 
increased agonist EMG amplitude for all muscle groups (P < 0.04). Fluctuations of tangential 
forces were greater during knee extensions compared with other muscle groups (P < 0.007). 
The present data demonstrate that fatigue increases the amplitude of force fluctuations in 
task-related and tangential forces. Moreover, alternation of activity between multiple 
synergist muscles is associated with increased fluctuations of tangential forces, especially 
during fatigue. 
 
Keywords: Force variability; Muscle fatigue; Motor control; Three-dimensional force 
analysis. 
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1. Introduction 
Forces exerted during static contractions are not constant but fluctuate around a mean value 
(Galganski, Fuglevand, & Enoka, 1993; Enoka et al., 2003), and monotonic increase of the 
standard deviation (SD) of force has been reported with increasing target forces for different 
muscle groups (Laidlaw, Bilodeau, & Enoka, 2000; Christou, Grossman, & Carlton, 2002). 
Moreover, fatigue further increases force fluctuations during isometric elbow flexions 
(Semmler, Tucker, Allen, & Proske, 2007; Missenard, Mottet, & Perrey, 2008), knee 
extensions (Clark, Collier, Manini, & Ploutz-Snyder, 2005), and trunk extensions (Reeves, 
Cholewicki, Milner, & Lee, 2008), among others. As a fatigued muscle requires greater 
activation to produce a given force, larger motor units are recruited, resulting in increased 
fluctuations. 
Force fluctuations are known to be profoundly influenced by the architecture and 
control mechanisms of the observed muscle group (Hamilton, Jones, & Wolpert, 2004; Tracy, 
Mehoudar, & Ortega, 2007; Tracy, 2007). When multiple muscles are activated, higher 
degrees of freedom are involved in the motor strategy, and the fluctuations depend on the 
distribution of activity among these muscles (Graves, Kornatz, & Enoka, 2000). Each muscle 
induces fluctuations that are directionally aligned with its own direction of action, and 
cooperation among muscles leads to load sharing variations (Osu et al., 2004), inducing 
fluctuations that reflect in multiple directions (Kutch, Kuo, Bloch, & Rymer, 2008). In 
accordance, recent studies showed significant contributions of tangential forces to the normal, 
task-related force component due to compensatory synergistic mechanisms, affecting the 
magnitude and structure of task-related force fluctuations during submaximal isometric 
contractions of finger (Hong, Lee, & Newell, 2007) and arm muscles (Svendsen & 
Madeleine, 2010).Increased variability of multidirectional forces and movements have been 
associated with the development of musculoskeletal disorders and pain, especially during 
repeated fatiguing tasks (Madeleine, 2010). During fatigue, the  contribution of fluctuations 
from the task-related force to tangential directions may increase as a result of a general 
increase in the activity of agonist and synergist muscles (Sacco, Newberry, McFadden, 
Brown, & McComas, 1998; Ciubotariu, Arendt-Nielsen, & Graven-Nielsen, 2004) and 
changes in muscle coordination (Graves et al., 2000; Semmler et al., 2007), contributing to 
impairments in motor control. Multi-channel surface electromyographic (EMG) recordings 
revealed fatigue-induced heterogeneities of activity within and between muscles (Farina, 
Leclerc, Arendt-Nielsen, Buttelli, & Madeleine, 2008; Westgaard & De Luca, 1999; Westad, 
Westgaard, & Luca, 2003). Moreover, load sharing between synergist muscles during 
4	
	
	
	
sustained contractions increase alternate activity across muscles, modulating force 
fluctuations (Kouzaki, Shinohara, Masani, Kanehisa, & Fukunaga, 2002; Kouzaki, Shinohara, 
Masani, & Fukunaga, 2004) and force direction (Staudenmann, Kingma, Daffertshofer, 
Stegeman, & van Dieën, 2009). However, the extent and the impact of these changes on the 
resultant force vector depend on muscle architecture (Madeleine, Tuker, Arendt-Nielsen, & 
Farina, 2007; Yoshitake & Moritani, 1999), and it is still unclear if muscle fatigue  elicits 
similar increases on the variability of task-related and tangential forces during submaximal 
contractions. 
The current study employed three-dimensional force measurements to assess the 
effects of muscle fatigue on force fluctuations during isometric contractions of five different 
muscle groups. The hypotheses investigated were: (1) The SD of task-related and tangential 
forces increase monotonically with increased target forces due to higher muscle activation; 
(2) load sharing between multiple synergist muscles is associated with higher fluctuations of 
tangential forces compared with contractions involving a single agonist muscle; (3) fatigue-
induced increase of muscle activity results in higher fluctuations of task-related and 
tangential forces compared with baseline assessments. 
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2. Materials and Methods 
2.1. Subjects 
Fifteen subjects (12 males, age 23.8 ± 4.7 yr; height 175 ± 9 cm; weight 68.2 ± 13.3 kg; mean 
± SD) with no known musculoskeletal disorder participated in this study. It was conducted in 
accordance with the Declaration of Helsinki, approved by the local Ethics Committee (N-
20090036), and written informed consent was obtained from all participants prior to 
inclusion. 
 
2.2. Protocol 
Subjects participated in a total of five experiments, corresponding to isometric contractions of 
different muscle groups: Dorsiflexors, elbow flexors, knee extensors, plantarflexors, and 
trunk extensors. These contractions involve muscles with different architecture and 
neuromuscular properties such as motor unit number, muscle fibre composition, muscle size 
and strength, and corticospinal input (Tracy, 2007; Tracy et al., 2007), which might distinctly 
influence multidirectional force variability. In order to avoid the influence of fatigue between 
dorsi- and plantarflexors, and between knee and trunk extensors, the experiments were 
divided in two sessions, with at least one week interval. During the first session, subjects 
performed dorsiflexions, elbow flexions, and knee extensions, while plantarflexions and 
trunk extensions were performed in the second session. Moreover, to avoid any possible bias 
caused by the effects of fatigue from one muscle group to other ipsilateral muscles 
(Zijdewind & Kernell, 2001), the order of muscle groups was randomized across subjects 
within each session. 
In all experiments subjects performed a maximal voluntary contraction (MVC) task 
followed by two identical series of isometric contractions before and after a fatigue task, 
followed by another MVC task (Fig. 1). In the beginning of each experiment subjects were 
familiarized with the setup and protocol. During all contractions, the task-related force 
component (normal to the surface of the sensor) exerted by the subject was provided as 
feedback on an oscilloscope together with the target force. The resolution of the oscilloscope 
was adjusted on each trial in order to keep the same visual range of the feedback across all 
target forces. 
MVC Task. Subjects performed isometric MVC force trials in the beginning and end 
of the experiment, and also immediately before and after the fatigue task (Fig. 1). Subjects 
were asked to increase force from zero to maximum in ~2 seconds, and maximal effort was 
held for 3 seconds while strong verbal encouragement was provided. The highest task-related 
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force exerted during the first MVC task was used as reference MVC force for the subsequent 
steadiness and fatigue tasks. Antagonist MVC force was assessed at the end of each 
experiment. 
Steadiness Task. Sustained isometric contractions (12 s) were performed at 2.5%, 5%, 
10%, 20%, 30%, 50%, 70%, and 80% of MVC force, with at least 15 seconds of rest after 
each contraction (Sosnoff, Jordan, & Newell, 2005; Kutch et al., 2008). The order of target 
forces was randomized between subjects. For each trial, subjects were instructed to reach the 
target force as fast as possible, and to keep it as steady as possible (Fig. 2). 
Fatigue Task. Subjects performed three consecutive trials of sustained isometric 
contraction (60% of MVC) until exhaustion, defined as the inability to maintain the force 
level within 10% of target force for 5 seconds. Such tasks, comprised of consecutive 
submaximal contractions, are known to enhance the effects of fatigue, such as energy cost 
and motor unit recruitment (Vollestad, Wesche, & Sejersted, 1990; Layec et al., 2009). 
Subjects were given 15 seconds of rest between trials. This short rest period provided 
subjects with only partial recovery after each exhaustion, further contributing to the 
cumulative development of muscle fatigue. 
 
2.3. Force Recordings 
A six-axis force sensor (MC3A, AMTI, USA) was used during all experiments, yielding three 
force components and three moment components. The sensor was mounted in custom-made 
setups, as shown in Fig. 1. The analogue output of the sensor was low-pass filtered at 500Hz, 
amplified (MSA-6, AMTI, USA), sampled at 1 kHz, and stored after 12 bits A/D conversion. 
Dorsiflexion. Subjects were seated in a chair with the right thigh secured by a metal 
support. The right foot was positioned on a custom pedal with the sensor secured above the 
metatarsal phalangeal joints. The pedal, which could be adjusted for different foot lengths 
(Fig. 1A), was connected to a metal frame with a rotating arm, allowing changes of the lower 
leg angle. The angle between the foot and the tibia was 90°, the knee was extended at 120° 
(180° = straight leg), and the hip flexed at 90°. The arms were crossed in front of the chest. 
Plantarflexion. Subjects were seated in a chair with the right thigh secured by a metal 
support. The sensor was mounted under, and protruded through, a pedal which allowed 
adjustments for different foot lengths (Fig. 1B), and the pedal was fixed to the ground. 
Subjects pressed the metatarsal phalangeal joints on the sensor. The hip was flexed at 90°, the 
knee was flexed at 90°, and the angle between the foot and the tibia was 90°. The arms were 
crossed in front of the chest. 
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Knee extension. Subjects were seated in a chair with the right thigh secured by a metal 
support. A pair of L-shaped bars was fixed vertically to the chair and horizontally to a metal 
plate. The sensor was secured to this metal plate (Fig. 1C) and adjusted to 15 cm above the 
right medial malleolus of each subject. The hip was flexed at 90° and the knee extended at 
120° (180° = straight leg). The arms were crossed in front of the chest. 
Elbow flexion. Subjects were seated in a chair with the right upper arm vertical and 
slightly abducted, and the elbow flexed at 90°. The elbow and the forearm were rested on a 
padded support with the sensor secured to the setup above the wrist (Fig. 1D). The hand was 
kept vertically aligned to the sagittal plane with closed fist. The left arm was held in front of 
the chest and subjects were instructed not to move the legs. 
Trunk extension. Subjects were placed in a custom-designed setup designed to allow 
isometric trunk extensions with the pelvis stabilized to avoid movements and the weight of 
the upper body supported mostly by the seat, and partially by the knees (Reeves et al., 2008; 
Hodges, Van Den Hoorn, Dawson, & Cholewicki, 2009) (Fig. 1E). The sensor was adjusted 
in height for each subject at the T1 level and had contact at the midline. The arms were 
crossed in front of the chest. 
 
2.4. Surface EMG 
The EMG signals of the relevant agonist and antagonist muscles were recorded: 
Gastrocnemius medialis (GM), gastrocnemius lateralis (GL), soleus (SO), and tibialis anterior 
(TA) muscles during both dorsi- and plantarflexions; rectus femoris (RF), vastus lateralis 
(VL), vastus medialis (VM), biceps femoris (BF), and semitendinosus (ST) muscles during 
knee extensions; biceps brachii (BB), brachialis (BR), and triceps brachii (TRB) muscles 
during elbow flexions; rectus abdominis (RA), internal oblique (IO), external oblique (EO), 
longissimus (LO), iliocostalis (IL), and multifidus (MF) muscles during trunk extensions. All 
EMG signals were measured by a pair of disposable Ag/AgCl surface electrodes (Ambu 
Neuroline 720, Denmark) in bipolar configuration, placed 2 cm apart and positioned 
according to standard recommendations (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000; 
Reeves et al., 2008). Signals were amplified (Counterpoint MK2, Dantec, Denmark), sampled 
at 1 kHz, and stored after 12 bits A/D conversion. 
 
2.5. Data Analysis 
The force and moment signals were low-pass filtered using a Butterworth filter of 6th order 
with a cut-off frequency of 20Hz (Kamavuako, Farina, Yoshida, & Jensen, 2009). For the 
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MVC task, the absolute peak of the task-related force was extracted. For the 12-s isometric 
contractions, the SD of the three force components, the CV (SD/Mean force) of the task-
related force, and the total excursion of the centre of pressure (CoP) were calculated using a 
time window from 5 to 10 seconds (Fig. 2), which avoided excessive fluctuations in the first 
5 and last 2 seconds of contractions due to slow force development and anticipation of trial 
termination, respectively (Sosnoff et al., 2005; Hong et al., 2007).  For each series of 
isometric contractions, a linear regression was performed between the SD of each of the three 
force components and the target force using the least mean squares method (Hamilton et al., 
2004). The CV of force was estimated only for the task-related force because the tangential 
force components showed mean values close to zero in some trials, leading to inconsistently 
high values of the CV. Thus, fluctuations of tangential forces were indirectly assessed by 
total excursions of CoP. The CoP represents the point of application of the resultant normal 
forces acting on a surface (Seigle, Ramdani, & Bernard, 2009), and the total excursion is the 
total length of the CoP path during a given time interval (Prieto, Myklebust, Hoffmann, 
Lovett, & Myklebust, 1996), hence assessing the lateral displacements of quasi-static forces. 
Although CoP measures are traditionally applied to postural control analysis, the use of 
miniature multi-axis force and torque sensors allows the assessment of CoP variability of 
individual body segments during static contractions (e.g. fingers during grasp tasks (Zhang, 
Gordon, Fu, & Santello, 2010; Zhang, Gordon, McIsaac, & Santello, 2011)). Supporting this 
approach, a strong correlation has been shown between muscle lateral displacements and 
force fluctuations during isometric contractions (Yoshitake, Masani, & Shinohara, 2008). 
Due to the high sensitivity of the force sensor and amplifier, saturations of the channels 
measuring tangential moments were detected when exerting forces from 50% to 80% MVC 
on nearly half of all recordings. Because the calculation of the CoP depends on consistent 
measures of lateral moments, only target forces below 50% MVC were considered for the 
analysis of the total excursions of CoP. 
The force signals were detrended before extracting the SD and CV of force (Tracy & 
Enoka, 2006). For each data point the moving average of a 1-second window, centred at the 
data point, was subtracted, removing frequency components lower than 0.5 Hz. Detrending is 
necessary to remove the low-frequency, components caused by trajectory tracking (Contessa, 
Adam, & De Luca, 2009), which would exaggerate fluctuations at high target forces, 
especially after the fatigue task. 
The EMG signals were band-pass filtered at 20 Hz - 400 Hz using a Butterworth filter 
of 6th order, full-wave rectiﬁed, and low-pass filtered at 50 Hz using a Butterworth filter of 
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2nd order. The integral of the rectiﬁed, low-pass filtered EMG (iEMG) was calculated over 
epochs of 1 second and the highest iEMG of each muscle recorded during the initial MVC 
task (or antagonist MVC trial in the case of antagonist muscles) was used to normalize the 
respective iEMG from the steadiness task. For each isometric trial, the mean and SD of the 
iEMG estimates within the 5-s window were used to compare the gross amplitude and 
variability of muscle activity across different muscles. 
 
2.6. Statistical Analysis 
For the MVC task, maximal forces were assessed using a two-way repeated measures 
analysis of variance (RM-ANOVA) with fatigue (pre, post) and trial (first, second) as within-
subject factors. A three-way RM-ANOVA (muscle × fatigue × trial) was used to assess the 
iEMG of the agonist and antagonist muscles. 
The slopes between the SD of force and the target force of the three force components 
were compared using a four-way RM-ANOVA with muscle group, direction, fatigue and trial 
as within-subject factors. The CV of force and the total excursion of CoP were evaluated 
using a four-way RM-ANOVA with muscle group, fatigue, trial, and target force (2.5%, 5%, 
10%, 20%, 30%, 50%, 70%, 80%) as within-subject factors. The mean and SD of iEMG of 
the relevant muscles were also assessed by a four-way RM-ANOVA (muscle × fatigue × trial 
× target force) and the linear correlation between SD of iEMG and SD of force was 
estimated. Because of their opposing functional actions, the iEMG of the agonist and 
antagonist muscles were analyzed separately for each muscle group. Statistical significance 
was considered for P-values lower than 0.05 and Newman-Keuls (NK) post-hoc test was 
applied when appropriate. All values are reported as mean ± standard error of the mean 
(SEM). 
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3. Results 
3.1. Maximal voluntary contractions 
Decreased MVC forces were observed after fatigue compared with before fatigue for the 
plantar-, elbow and dorsiflexors (Fig. 3, ANOVA: F1,14 > 9.87, P < 0.007; NK: P < 0.007). 
For knee and trunk extensors, MVC force decreased immediately after the fatigue task, but 
increased again in the last MVC trial (ANOVA: F1,14 > 3.62, P < 0.05; NK: P < 0.05). Fatigue 
increased the activity of agonist muscles of the knee extensors (Fig. 3, ANOVA: F2,28 > 6.30, 
P < 0.006; NK: P < 0.002 for VL and VM), elbow and dorsiflexors (ANOVA: F1,14 > 6.57, P 
< 0.023; NK: P < 0.04), and caused distinct changes in antagonist muscle activity in the knee 
and trunk extensors, and dorsiflexors (Fig. 3, ANOVA: F1,14 > 5.30, P < 0.037; NK: P < 
0.005). 
 
3.2. Force steadiness 
For all muscle groups and both fatigue conditions, positive slopes were observed in the linear 
regression between the SD of force and the target force (Fig. 4) in task-related (R ≥ 0.68; P < 
0.001) and both tangential forces (R ≥ 0.58, P < 0.001). The slopes of tangential forces were 
significantly lower than the task-related component (ANOVA: F8,112 = 6.71, P < 0.001; NK: P 
< 0.001). The slope of the task-related force increased after fatigue compared with before 
fatigue for knee extensors, elbow and plantarflexors (NK: P < 0.048), whereas it decreased 
for dorsiflexors (NK: P < 0.001), and did not change significantly during trunk extensions. 
The slopes of the SD of tangential forces were not affected by fatigue. 
The ANOVA of the CV of force revealed a significant muscle group × fatigue × target 
force interaction (F28,392 = 2.42, P < 0.001; NK: P < 0.04), showing increased CV of force 
after fatigue compared with before fatigue at low target forces for all muscle groups (Fig. 
5A&B). The dorsiflexors exhibited the highest CV of force (NK: P < 0.005). Moreover, 
fatigue induced an overall increase of the total excursion of CoP at all target forces compared 
with before fatigue, as revealed by a significant fatigue × target force interaction (Fig. 5C, 
ANOVA: F4,56 = 14.60, P < 0.001; NK: P < 0.038). A significant interaction between muscle 
group and fatigue showed that this fatigue-induced increase was significant for all muscle 
groups (Fig. 5D, ANOVA: F4,56 = 5.90, P < 0.001; NK: P < 0.028), except plantarflexors. 
Greater excursions of CoP were observed during knee extensions compared with all other 
muscle groups (NK: P < 0.007). 
 
3.3. Muscle activity 
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The mean agonist iEMG increased with target force for all muscle groups (Fig. 6, ANOVA: 
F7,98 > 180.02, P < 0.001; NK: P < 0.045). A main effect of fatigue showed increased agonist 
iEMG after fatigue compared with before fatigue for all muscle groups (ANOVA: F1,14 > 
8.25, P < 0.012). In addition, increased antagonist iEMG due to fatigue was observed for 
elbow, dorsi-, and plantarflexors (ANOVA: F1,14 > 7.78; P < 0.014). 
A general increase in the SD of iEMG was observed in the elbow flexors after fatigue 
compared with baseline (ANOVA: F1,14 = 10.69, P = 0.005; data not presented). For the knee 
extensors, an interaction between muscle and fatigue was found (ANOVA: F4,56 = 7.20, P < 
0.001; NK: P < 0.001; data not presented), showing increased SD of iEMG only for the RF 
muscle. A weak, albeit positive, linear correlation was found between the SD of iEMG of the 
agonist muscles and the SD of force for all muscle groups in the task-related (0.30 < r2 < 
0.44) and tangential forces (0.25 < r2 < 0.41). 
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4. Discussion 
The current study employed three-dimensional measurements to assess the effects of muscle 
fatigue on multidirectional force fluctuations during submaximal isometric contractions of 
different muscle groups. The SD of task-related and tangential forces increased with target 
force for all muscle groups. Fatigue increased the CV of force of all muscle groups and, 
except for plantarflexors, also increased the total excursions of the CoP of all muscle groups. 
 
4.1. The scaling of force fluctuations 
The positive slopes in the regression lines between the SD of force and the target force for the 
three force components of all muscle groups confirm the hypothesis of monotonically 
increasing values of the SD of force for task-related and tangential forces. These results are in 
line with previous studies of finger and arm muscles (Hong et al., 2007; Svendsen & 
Madeleine, 2010). In the present study, increased fluctuations at higher force levels were 
accompanied by increased agonist iEMG. With higher muscle activity, larger motor units are 
recruited (Henneman, Somjen, & Carpenter, 1965), which have lower firing rates and 
therefore produce unfused twitches, resulting in increased fluctuations (Jones, Hamilton, & 
Wolpert, 2002). In accordance, several studies reported monotonically increasing SD of force 
in the task-related force with increasing force output, a relationship often referred to as 
signal-dependent noise, or SDN (Enoka, Burnett, Graves, Kornatz, & Laidlaw, 1999; Laidlaw 
et al., 2000). 
Two factors can explain the presence of SDN in tangential forces. First, when 
multiple agonist and antagonist muscles act in cooperation, each muscle contributes to 
fluctuations on its own direction of action (Kutch et al., 2008), and the resultant fluctuations 
reflect the spatial summation of the cooperative activity of different muscles (Graves et al., 
2000), yielding similar modulation of task-related and tangential forces (Svendsen & 
Madeleine, 2010). Second, even though subjects were requested to match target forces in the 
task-related direction, the force exerted on the sensor was not perfectly perpendicular to the 
surface of the sensor throughout all contractions. Subtle misalignments in direction result in 
the production of forces, and force fluctuations, with multidirectional components. As target 
forces increased, the rate of increase of the SD of force was lower in tangential forces 
compared with the task-related force, illustrating that subjects were able to keep the 
alignment of the resultant force in the requested direction to a certain extent, with a small 
fraction of the exerted force being reflected to tangential directions. 
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4.2. Fluctuations of Tangential Forces 
The total excursion of the CoP was used to indirectly assess fluctuations in tangential 
directions. The results in Fig. 5 show a similar modulation of the total excursions and the CV 
of force with increasing target forces, with maximum values at low force levels. This 
similarity indicates that fluctuations in the task-related and tangential forces are governed by 
similar, or synergistic, mechanisms (Hong et al., 2007; Svendsen & Madeleine, 2010). The 
cubic polynomial relationship between the CV of force and force levels has been repeatedly 
observed, and is related to the number of active motor units and their firing rates (Taylor, 
Christou, & Enoka, 2003; Tracy et al., 2007; Hamilton et al., 2004). At low force levels, few 
motor units are active, and any recruitment or change in the discharge rates of the active units 
results in higher fluctuations. Increasing the target force, the relative increment of each motor 
unit declines and the fluctuations reach a plateau as the force level further increases (Taylor 
et al., 2003). 
Previous studies showed that changes in motor unit population may alter the direction 
of force production (Tucker & Hodges, 2010). Corroborating, the presence of SDN in 
tangential forces suggests that motor unit recruitment also modulates tangential force 
fluctuations, since the SDN is a consequence of the orderly recruitment of motor units (Jones 
et al., 2002). 
Although dorsiflexions resulted in the highest CV of force among the observed 
contractions, the highest values of the total excursions were observed during knee extensions, 
indicating that high fluctuations in the task-related force component do not necessarily imply 
in high fluctuations of tangential forces. It is possible that the involvement of multiple 
synergist muscles in a given contraction contributes to higher fluctuations of tangential 
forces. Moreover, higher total excursions of the CoP were observed during trunk extensions 
and elbow flexions (also involving multiple synergist muscles) compared with dorsiflexions 
(single agonist muscle) only during fatigue, supporting that alternation of activity between 
synergist muscles plays an important role during sustained fatiguing contractions (Kouzaki et 
al., 2002; Kouzaki et al., 2004), reflected by increased SD of iEMG and higher force 
fluctuations. Previous studies suggested that alternated activity arises mainly between mono- 
and biarticular muscles (Kouzaki et al., 2002), which might explain the low excursions of the 
CoP during plantarflexions, since the biarticular gastrocnemius has very little effect on knee 
flexion moment when the knee joint is flexed at 90 degrees (Li, Landin, Grodesky, & Myers, 
2002), thus acting as a monoarticular muscle. Finally, the difficulty of fixation of the right hip 
and thigh during knee extensions may have contributed to higher excursions of CoP. During 
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the experiment, subjects had the right thigh secured by a metal support, but limited abduction 
and rotation of the right hip joint were still possible. 
 
4.3. Fatigue and multidirectional steadiness 
Repeated isometric contractions were employed to induce fatigue to different muscle groups. 
Even though a recovery of the maximal force was observed in the last MVC trial during knee 
and trunk extensions, the effects of fatigue on force fluctuations remained consistent across 
both pre-fatigue and both post-fatigue steadiness tasks, as indicated by 1) the absence of 
statistical interaction between fatigue and trial factors in the ANOVA analysis, and 2) a solid 
increase in the agonist iEMG due to fatigue for all muscle groups during submaximal 
contractions. In addition, the observed increase in CV of force is in line with previous 
investigations showing that exercise-induced fatigue results in impaired ability to control 
muscle force or limb position (Saxton & Donnelly, 1996; Lavender & Nosaka, 2006; 
Semmler et al., 2007), with the greatest increases in the CV of force occurring at low forces 
(Semmler et al., 2007). During fatigue, the central nervous system is able to maintain a 
constant force output by increasing muscle activity, resulting in increased fluctuations due to 
SDN (Missenard, Mottet, & Perrey, 2009), and also increased variability of motor unit firing 
rate, motor unit synchronization, and increased activity from groups III and IV afferents 
(Missenard et al., 2009). In agreement with the current results, these mechanisms are 
particularly relevant to force fluctuations at low force levels, when few motor units are active 
(Taylor et al., 2003). Interestingly, during dorsiflexions, fatigue decreased the slope between 
the SD of the task-related component and the target forces due to decreased SD at high force 
levels. However, after the normalization of the force fluctuations, this decrease was not 
significant (i.e. no changes in the CV of force at high target forces). 
The total excursions of CoP also increased with fatigue, with the greatest increases 
occurring at low target forces as well. This is a consequence of the recruitment of additional 
motor units in the different muscles involved in the contractions. In addition, since no visual 
feedback on the outcome of tangential forces was provided during the experiments, subjects 
unintentionally exerted varying degrees of force in tangential directions (Tucker & Hodges, 
2010). Nevertheless, no fatigue-induced changes were observed in total excursions of CoP 
during plantarflexions, despite significant increase of agonist and antagonist iEMG. Based on 
this observation, it may be speculated that fatigue-induced impairments in tangential force 
fluctuations are influenced by muscle fibre composition, since the plantarflexors are known 
to be composed primarily by fatigue-resistant fibres (Gollnick, Sjödin, Karlsson, Jansson, & 
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Saltin, 1974), and it is possible that the overall increase in muscle activity resulted in a 
balance between agonist and antagonist muscles, leaving the excursions unaffected. 
Moreover, the absence of changes in the SD of iEMG of the plantarflexors indicates steady 
activity within muscles. Although only a weak correlation was found between the SD of 
iEMG and the SD of force, changes in force orientation may arise from heterogeneous 
changes of activity within a muscle’s motor neuron pool (Herrmann & Flanders, 1998; 
Staudenmann et al., 2009; Tucker & Hodges, 2010). Thus, steady muscle activity results in 
fewer changes in force orientation, and lower excursions of CoP, even after fatigue. 
 
5. Conclusions 
The present study showed monotonically increases in the fluctuations of task-related and 
tangential forces with increased target forces during isometric contractions of five different 
muscle groups, with higher increase rates of the task-related compared with tangential 
components. This increase was associated with increased activity of the agonist muscles. 
Muscle fatigue resulted in higher force fluctuations in task-related and tangential forces due 
to further increased muscle activity, especially at low force levels. The higher excursions of 
CoP during knee extensions compared with the other muscle groups suggest that increasing 
the number of joints involved in a given contraction contributes to increased fluctuations of 
tangential forces. 
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Figures 
 
Fig. 1. The experimental protocol (top) and setups used for all types of contraction. The 
steadiness task, consisting of series of submaximal contractions (12 s, 2.5% - 80% of 
maximal voluntary force), was repeated twice before and after the fatigue task. The fatigue 
task was comprised by one MVC force trial, followed by three trials of sustained 60% MVC 
force until exhaustion and another MVC force trial. Additional MVC force trials were 
performed at the beginning and end of the experiment. A six-axis force sensor was mounted 
to different experimental setups to measure forces and moments during isometric contractions 
of the plantarflexors (A), knee extensors (B), elbow flexors (C), dorsiflexors (D), and trunk 
extensors (E). 
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Fig. 2. Representative data from isometric elbow flexions at 80% MVC force performed 
before and after the fatigue task. The figure shows raw force signals, the time series of the 
CoP, and the raw EMG signal of biceps brachii. The ‘z’ subscript refers to the task-related 
force, whereas ‘x’ and ‘y’ subscripts refer to medial-lateral and anterior-posterior force 
components, respectively. 
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Fig. 3. Mean (± SEM) task-related forces and iEMG during MVC trials (1 - 4). Fatigue 
reduced MVC forces for all muscle groups compared with before fatigue, but a recovery was 
observed for knee and trunk extensors (A, * NK: P < 0.05). Fatigue also affected the iEMG 
of agonist and/or antagonist muscles of knee and trunk extensors, elbow and dorsiflexors (B, 
* NK: P < 0.04). The MVC iEMG is shown for gastrocnemius medialis (GM), gastrocnemius 
lateralis (GL), soleus (SO), tibialis anterior (TA), rectus femoris (RF), vastus lateralis (VL), 
vastus medialis (VM), biceps femoris (BF), semitendinosus (ST), rectus abdominis (RA), 
internal oblique (IO), external oblique (EO), longissimus (LO), iliocostalis (IL), multifidus 
(MF), biceps brachii (BB), brachialis (BR), and triceps brachii (TRB) muscles. 
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Fig. 4. Mean (± SEM) standard deviation (SD) of force during steadiness task before and 
after fatigue. Dashed and solid lines represent the linear regression between SD of force and 
target force before and after fatigue, respectively. Fz refers to the task-related force, Fy refers 
to the anterior-posterior direction (inferior-superior during knee and trunk extensions), and Fx 
refers to the medial-lateral direction. The SD of the three force components increased 
monotonically with increasing target forces (P < 0.001). The slope of Fz increased after 
fatigue compared with before fatigue during plantarflexions, knee extensions, and elbow 
flexions (* NK: P < 0.048), decreased during dorsiflexions (** NK: P < 0.001), and did not 
change during trunk extensions. The slopes were greater for the task-related compared with 
tangential forces (NK: P < 0.001). 
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Fig. 5. Mean (± SEM) coefficient of variation (CV) of force during steadiness task before and 
after fatigue across target forces (A) and muscle groups (B). The same interactions are shown 
for the total excursion of the centre of pressure (C, D). CV of force and total excursions 
increased after fatigue compared with before fatigue at low and moderate target forces (* NK: 
P < 0.04). Both parameters showed maximum values at low force levels, with a plateau at 
moderate forces. CV of force was greatest during dorsiflexions (B, † NK: P < 0.005), while 
total excursions were greatest during knee extensions (D, † NK: P < 0.007), illustrating that 
high fluctuations in the task-related force do not necessarily imply in high fluctuations in 
tangential forces. 
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Fig. 6. Mean (± SEM) agonist and antagonist iEMG during steadiness task before and after 
fatigue. The mean agonist iEMG increased monotonically with target force for all muscle 
groups. Fatigue further increased the mean agonist iEMG of all muscle groups and increased 
the mean antagonist iEMG of elbow, dorsi-, and plantarflexors (* NK: P < 0.014). 
 
